Hypoxia Suppresses Senescence
=============================

Hypoxia affects almost all aspects of cellular life. For example, hypoxia stimulates secretion of cytokines, mitogens and modulators of the extracellular matrix. This hyper-secretory phenotype resembles the senescence-messaging secretome or senescence-associated secretory phenotype (SASP), a marker of cellular senescence. Hypoxia can also increase lysosomal content/functions, which (given that senescence-associated- (SA)-β-galactosidase is a lysosomal enzyme) may be manifested as [moderate]{.ul} SA-β-Gal-staining. And in some cells, hypoxia can slow down proliferation and even cause cell cycle arrest. Still, this is not senescence. Under hypoxic conditions, cells are relatively small, whereas senescent cells are large (hypertrophic) and flat. Finally, hypoxia-arrested cells can resume proliferation, when placed under normoxia. Recently, my co-authors and I demonstrated that hypoxia can actually suppress senescence caused by diverse stimuli. For example, CDKN1A (cyclin-dependent kinase inhibitor 1A or p21) and CDKN2A (p16) induce cell cycle arrest, which is at first reversible. Then over several days, cells become hypertrophic (they grow in size without division) and acquire SA-β-Gal staining. At that point the arrest becomes irreversible. Cells cannot proliferate, when they are released from cell cycle arrest by removing CDKN1A (p21) and CDKN2A (p16) or by washing out DNA damaging drugs and CDK inhibitors. In contrast, when cells are induced to senesce by CDKN1A under hypoxia (0.2--1% oxygen), they are less hypertrophic and less β-Gal-positive (than cells arrested by CDKN1A under normoxia), and most importantly partially retain replicative potential. In other words, hypoxia shifts senescence into quiescence or, precisely speaking, suppresses conversion from arrest into senescence. Of course, hypoxia does not abrogate the cell cycle arrest induced by CDK inhibitors and DNA damaging agents (it even deepens the arrest) but it makes the arrest reversible. In brief, freshly arrested cells, are not senescent to start with. They become senescent over time in the process named gerogenic conversion or geroconversion. Moreover, hypoxia decelerates geroconversion.

Gerogenic Conversion (Geroconversion)
=====================================

In proliferating cells, growth-promoting pathways, including those regulated by MTOR (mechanistic target of rapamycin), are activated. Cellular mass growth is balanced by cell division. When the cell cycle is arrested (by telomere shortening, DNA damage, inhibitors of CDKs and so on), but growth-promoting pathways are still active, then cells grow in size and senesce. MTOR drives geroconversion in freshly arrested cells, and rapamycin decelerates geroconversion. Quiescent and senescent cells can be distinguished by the levels of MTOR activity, measured by RPS6 phosphorylation (pRPS6). In quiescent cells, pRPS6 is low and cells are much smaller than senescent cells. In senescent cells, MTOR is active at the level of the activity in proliferating cells. In dense culture, often used for the isolation of protein lysates for immunoblots, MTOR activity tends to decrease in several days in part due to the exhaustion of nutrients present in the media. However, MTOR activity remains constant in senescent cells when either the medium is refreshed or when the cells are not densely cultured.

Hypoxia Inhibits MTOR and Stimulates Autophagy
==============================================

Hypoxia inhibits MTOR ([Fig. 1](#F1){ref-type="fig"}). Also, hypoxia can stimulate autophagy by both inhibiting MTOR and by an MTOR-independent mechanism. Our data suggest that inhibition of MTOR is sufficient to explain gerosuppression by hypoxia. First, rapamycin is a more potent gerosuppressant than hypoxia. There is perfect correlation between inhibition of pRPS6 and gerosuppression by hypoxia. Moreover stable activation of MTOR by TSC2 depletion abrogates gerosuppression by hypoxia.

![**Figure 1.** The relationship between hypoxia, MTOR, growth, senescence and autophagy. Arrows, stimulation; brakes, inhibition. Green lines, positive effect on cellular mass/size growth; red lines, negative effects. GF, growth factors.](auto-9-260-g1){#F1}

Autophagy is Inhibited by MTOR
==============================

MTOR inhibits the initiation of autophagy, and inhibition of MTOR (by either serum starvation or rapamycin treatment) activates induction of autophagy. In serum-starved (quiescent) cells, MTOR is inhibited and the catabolic processes, as well as autophagy/lysosomal machinery, are activated, manifested in some cell types by moderate SA-β-Gal positivity. In contrast, MTOR is active in senescent cells. One would expect that autophagy should be inhibited. But...

Autophagy can be Activated in Senescent Cells
=============================================

Yet, evidence is accumulating that autophagy is activated in senescent cells. Narita and coworkers discovered spatial coupling of cells\' catabolic and anabolic machinery: the TOR-autophagy spatial coupling compartment (TASCC), where (auto)lysosomes and MTOR accumulate during senescence are stimulating IL6 and IL8 secretion. TASCC contains mature autophagosomes, while early autophagosomes are mostly outside the TASCC. Thus, in senescent cells, autophagosomes form outside the TASCC at the cell periphery, out of reach of the inhibitory action of MTORC1, but they move inward as they mature. Autophagy is initiated at the cell periphery, spatially uncoupled from active MTOR in senescent cells. Moreover SA-β-Gal staining is typically perinuclear. Coupling of MTOR and lysosomes occurs at the same location.

Is Activation of Autophagy/Lysosomes Compensatory?
==================================================

So why does a senescent cell, despite an active MTOR, activate the autophagy/lysosomal pathway? One answer is that this ensures SASP, making the cell **"**malicious." Yet, another answer is that it happens (seemingly paradoxically) exactly because of active MTOR during cell cycle arrest. In 2003, I speculated that when the cell cycle is blocked and GF- and mitogen-activated pathways are still active the cells would undergo senescence. At first, such a cell grows in size almost exponentially. But a cell cannot and does not grow in size indefinitely. Something should limit its growth: either MTOR should be switched off or catabolism via lysosomes should be increased to limit growth. Inactivation of MTOR may occur due to exhaustion of cell medium, however, this is really an artifact of cell culture. In other conditions, MTOR activity remains high. Compensatory activation of lysosomes counteracts growth. Noteworthy, MTOR activates lysosomal biogenesis. Growth and degradation reach an active equilibrium. Both lysosomal activation and SASP are examples of numerous (and often tissue-specific) hyperfunctions of senescent cells.

Further Questions and Implications
==================================

So what one would expect when MTOR is inhibited by hypoxia during geroconversion? There will be a lesser need in compensatory autophagy. Could this explain the paradoxical decrease of SA-β-Gal-staining by hypoxia during geroconversion of arrested cells, even though hypoxia can slightly increase β-Gal in proliferating cells? Hypoxia is a normal condition in tissues in vivo. Furthermore, stem cell niches are commonly hypoxic. Given that hypoxia can suppress gerogenic conversion, this may contribute to the prevention of senescence of stem cells during lifetime, and perhaps, slow aging of postmitotic cells in the organism compared with cell culture.
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